BALB/c mice express abnormally high levels of a-skeletal actin in the heart, which may be related to a duplication in the promoter of the a-cardiac actin gene. To evaluate the effects of overexpression of the a-skeletal actin isoform on cardiac contractile function, we studied these mice using the isolated perfused work-performing murine heart model and measured actin isoform expression in the same hearts. We quantified myocardial contractility from the maximum rate of contraction (+dP/dt) and time to peak pressure and relaxation from -dP/dt and time to half relaxation of left intraventricular pressure. Dot blots of total RNA hybridized Actin is a highly conserved, ubiquitous protein that 4. is critical for multiple cell functions. It plays a .LXk major role in the structure and motility of cells in general and is a major component of the cytoskeleton in both muscle and nonmuscle cells. In muscle cells, the protein is a critical component of the contractile apparatus and is the major protein present in the thin filament, making up =10% of the protein content of the myocyte. It is the interaction of actin with the thickfilament protein, the myosin heavy chain, that is responsible for the force transduction that underlies the power stroke that results in sarcomere shortening.
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As is the case for many other sarcomeric proteins, the actins are encoded by a multigene family, and isoforms of actin exist that demonstrate developmentally regulated and tissue-specific expression patterns.1-3 It has been demonstrated through N-terminal peptide analysis that six different isoforms of actin are present in higher mammals, two striated, two smooth muscle, and two nonmuscle types.4 At the nucleic acid level, sequence divergence has allowed for the development of genespecific probes.5 However, unlike the various other sarcomeric protein isoforms, such as the myosin heavy or light chains, the actin protein isoforms are almost completely conserved at the amino acid level; eg, y-smooth muscle actin differs from the a-skeletal isoform in only 6 of 375 residues.
There are two striated muscle (a-actin) isoforms, a-cardiac and a-skeletal actin, which display distinct Correspondence to Dr Jeffrey Robbins against oligonucleotide sequences specific for either a-skeletal or a-cardiac actin mRNA showed that increased levels of a-skeletal actin RNA correlated significantly with increased contractility of hearts from the BALB/c mice (r=.80, n=15, P<.001). The present study demonstrates a significant functional correlation between a-actin isoform content and cardiac contractile function and also that a-skeletal actin may promote an increased contractile function in the heart compared with a-cardiac actin. (Circ Res. 1994;74:740-746.)
Key Words * a-actin * myocardial function * mouse hearts developmental expression patterns and tissue specificity in mammals. For example, in the normal adult mouse, a-cardiac actin is the predominant isoform in cardiac tissue (>85%) and is also present in slow skeletal muscle, whereas a-skeletal actin is the predominant isoform in skeletal muscle tissue.' There is cross expression of the isoforms in the different tissue types during development (see Reference 1 for review), with a-skeletal actin being present in significant amounts in the fetal heart. However, expression of this isoform in the cardiac compartment is downregulated after birth. The expression pattern of the different isoforms varies between species and in human heart tissue, and a-skeletal actin constitutes =50% of the striated muscle actin in both the normal and disease states.2
The functional significance of the two a-actin isoforms that are expressed in cardiac muscle during differentiation, development, and maintenance is unknown. Although isoforms of other contractile proteins (eg, myosin) are thought to possess different functional characteristics from one another, the very close conservation of sequence (four neutral amino acid changes between the 375 residues) makes it difficult to easily model functional differences. However, the tight developmental and tissueand species-specific expression of the cardiac and skeletal isoactins strongly argues for important functional differences, and it is noteworthy that three of the four amino acid differences found between these two proteins occur at the myosin binding site.' In addition, it has been demonstrated in a number of studies that certain actin isoforms preferentially activate ATPase activity in specified myosin isoforms. 2 One approach in the investigation of the functional correlates of the two striated muscle isoforms is to develop models in which the relative levels of each isoform are altered in the cardiac compartment and, subsequently, to measure the function of the hearts. There are presently two model systems wherein the ratio of the two striated muscle actin isoforms may be altered in adult mammals. Pressure overload-induced hypertrophy is easily generated in various rodent models, and concomitant with the induction of hypertrophy, a-skeletal actin gene expression is activated in the heart.6 However, gene induction is transient, and once the heart has reached full hypertrophy and cardiac function is characterized by a slower, more economical contractile function, the a-skeletal actin isoform decreases to basal levels. The second model system available is the BALB/c mouse. This genetically based system, unlike the pressure overload-induced hypertrophic heart, shows a sustained, elevated content of a-skeletal actin in the normal adult heart that appears to be due to a duplication of the 5' promoter region of the a-cardiac gene.7'8 In this particular strain of mouse, there is a 9.5-kb duplication of the promoter of the cardiac gene, with the first three exons inserted as a direct repeat at 5' of the cardiac coding sequence. The mutation apparently results in a downregulation of the cardiac isoform, with a concomitant upregulation of skeletal isoform levels. The hearts of these mice may contain up to 50% of the a-skeletal actin, resulting in a naturally occurring model of overexpression of the a-skeletal isoform in the heart without the acute and pleiotropic effects that result from the pressure-overload model.
It is now possible to quantify myocardial contractility in the work-performing mouse heart.9,10 Ranges of normal contractility have been established in several mouse strains.10 Our objective in the present study was to assess whether differences in a-actin isoform content in the heart could be correlated with contractility under the steadystate conditions that exist in a genetic variant. The isolated perfused work-performing mouse heart model was used to measure function in the BALB/c heart and correlate it with the different a-actin isoform RNA levels. The data show that the relative transcript levels of a-skeletal and a-cardiac actin do indeed correlate with contractility levels in the BALB/c mouse heart and confirm that a correlation between relative actin isoform content and cardiac function exists.
Materials and Methods
Animals and Surgery BALB/c mice (Jackson Laboratories, Bar Harbor, Me, and Harlan Sprague Dawley Inc, Indianapolis, Ind) and C57Bb'6 mice (Charles River Laboratories, Wilmington, Mass) of either sex weighing between 20 and 30 g were used in these studies.
The mice were anesthetized with 30 mg/kg pentobarbital IP and protected with 500 U/kg heparin sodium to prevent intracardiac blood coagulation. After thoracotomy, the hearts, weighing z"120 mg, were exposed; the pericardium was loosened from the chest; and the aorta was cannulated with a 20-gauge stainless-steel cannula.
Perfusion Apparatus
The perfusion apparatus has been described previously.9"10 In brief, retrograde perfusion with warm Krebs-Henseleit solution (KHS) at 37.4°C (mmol/L: NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2P04 1.2, Na+-EDTA 0.5, NaHCO3 25, and glucose 11) was started through the aortic cannula immediately. A small slightly flanged catheter (PE-50, 7 cm long) was inserted into the left atrium through the pulmonary vein, guided through the mitral valve during opening, advanced into (PE-160, 8 cm long) to a Statham pressure transducer (model P23Db) to record intraventricular pressure and dP/dt. The opening of the pulmonary vein to the left atrium was then connected to the working-heart cannula of the apparatus, and the entering KHS was switched from retrograde to anterograde perfusion, producing the work-performing heart preparation. The cannulas for the aorta and pulmonary vein were constructed from hypodermic-sized three-way connectors (Small Parts Inc, Miami Lakes, Fla). The tubing was 20 gauge (outer diameter, 0.0355 in; inner diameter, 0.023 in; part No. K-TC-20/3). The connecting plastic tubing (PE-160) was 8 cm in length for aortic and atrial pressure.
The frequency response and possible damping were examined as follows: the fluid (KHS)-filled Statham P23Db pressure transducers plus 20-gauge needles plus PE-160 and/or PE-90 tubing (total length, "'20 cm) had a natural frequency of -70 to 185 cps and -10% to 30% of critical damping. In control experiments, operationally, a PE-90 and a PE-160 system inserted simultaneously into a small rat or large mouse heart and calibrated at the same time showed no difference in the recorded intraventricular pressure tracings at spontaneous heart rates and at pacing rates up to 600 beats per minute. Identity of the two tracings confirmed that the catheter system used provided critical damping. Atrial pressure was monitored through a side arm in the left atrial cannula. After the perfusions were terminated, the hearts were weighed, dissected free of atrial tissue, and stored in liquid nitrogen for analysis. All physiological parameters were simultaneously recorded on a six-channel P7 Grass polygraph and analyzed on an IBM-compatible computer.
The program computed the following parameters instantaneously: heart rate, mean aortic pressure, left intraventricular pressure (systolic, diastolic, and end diastolic), peak pressure, relaxation time, time to half relaxation (T112R), time to peak pressure (TPP), TPP per millimeters of mercury, T1/2 per millimeters of mercury, +dP/dt, -dP/dt, and duration of contraction and relaxation. Aortic outflow through the variable Starling resistance (afterload) was measured with a stopwatch and a measuring cylinder, and coronary flow was determined by weighing with an electronic balance. The cardiac output (preload) was calculated by adding the aortic and coronary flows. Since the Grass P7 polygraph system provides a curvilinear write out and since there is often a small shift of the pen alignment, it is sometimes necessary to use the dP/dt zero crossover and the reversal point of contraction to relaxation in the intraventricular pressure recording for correct alignment (eg, see Fig 1) . The aortic and atrial pressure recordings are not used in the phasic form; these pressures are numerically averaged by the computer program.
Determination of Mouse Heart Function in a Work-Performing Krebs-Ringer-Perfused Heart Preparation
Since cardiac function in an isolated preparation is greatly influenced by preload, afterload, heart rate, and fluid temperature, we determined for the mouse heart a minimum requirement of sufficient coronary flow for basal function.10 This was '50 mm Hg mean aortic pressure (afterload) and =5 mL/min venous return or cardiac output (preload). Since the heart rates were similar in the mice used in the present study, the hearts were not paced. We have determined that under these conditions the mice showed TPPs from 0.43 to 0.63 ms/mm Hg and T1/2R values of 0.49 to 0.67 ms/mm Hg. The filters were washed three times for 10 minutes each in 5 x standard saline citrate (SSC), 2x SSC, and 0.5 x SSC with 0.1% sodium dodecyl sulfate (SDS) at 60°C and autoradiographed. The probe was removed from the blot by washing extensively in 0.1% SDS at 95°C and rehybridized against a-and /-myosin-specific12 oligonucleotide probes. The relative percents of the a-skeletal and -cardiac actins were quantified with a Phosphor-Imager (Molecular Dynamics, Sunnyvale, Calif).
Analysis of Actin and Myosin Protein
Frozen hearts were homogenized on ice in 50 mmol/L Tris, pH 6.8, 20 mmol/L dithiothreitol, 1% SDS, and 10% glycerol and boiled for 5 minutes. Bromphenol blue (0.3%) was added as a tracking dye. Proteins were separated by electrophoresis on 12% polyacrylamide gels containing 0.3% bis-acrylamide in SDS by the procedure of Laemmli.13 The gels were stained with Coomassie blue R and destained in 7.5% acetic acid and 30% methanol. Destained gels were scanned on an ISCO densitometer at 520 nm. The relative proportions of actin and myosin heavy chain proteins were estimated by comparing peak heights from densitometric gel scans.
Statistical Analysis of Data
All data were treated by standard parametric statistical techniques, with values of Pc.05 considered significant. The correlation coefficients (r values) were obtained from a linear least-squares regression analysis of the data. Regression analyses were performed on the data using SUPERANOVA software from Abacus Concepts, Inc, Berkeley, Calif. Multiple-regression models are shown in the Table. Mean parameter values are expressed as mean-'-SEM.
Results

Cardiac Function in BALB/c Mouse Hearts
The objective of the present study was to determine whether the overexpression of a-skeletal actin in the mouse cardiac compartment could be correlated with altered contractile function. Since the BALB/c mouse heart is a naturally occurring genetic model of just such an overexpression,7, we used recently developed techniques to assess physiologically relevant parameters of cardiovascular function using isolated perfused workperforming BALB/c hearts. In preliminary experiments with BALB/c hearts, we noted two major differences when we compared them with other strains such as CD1, C57BL/6, and Swiss Webster. Some BALB/c hearts showed very high levels of contractility (at the same preload, afterload, and heart rates used before), .002t TPP indicates time to peak pressure; T112R, time to half reduction. *P<.05; tPc.001. which were outside the previously established control range.10 Additionally, there appeared to be a large animal-to-animal variation, as other BALB/c hearts had demonstrated normal levels of contractility. Fig 1 dis plays original recordings from two BALB/c hearts, one of which displayed cardiac functional parameters that fell in the range exhibited in the previously studied strains9'0 and the other of which showed, in comparison, significantly increased contractility. The elevated peak-systolic and end-diastolic pressures are typical for those animals that displayed increased contractility.
aY-Skeletal Actin Expression in BALB/c Hearts
The functional results detailed above were intriguing, because we thought it likely, on the basis of the published data of Garner et al,7 that this particular strain might display variable actin isoform ratios in the cardiac compartment. We observed increased contractility in approximately half of the BALB/c hearts tested, and we wished to determine whether mouse-to-mouse variation in the proportion of a-skeletal transcripts in the heart might be associated with this variability. Dot blots of RNA were hybridized against oligonucleotide sequences specific for either the a-cardiac or a-skeletal actin transcripts (Fig 2) . Surprisingly, significant variability between the individual BALB/c hearts in the proportion of a-skeletal transcript to total actin mRNA was observed. As the percentage of a-skeletal transcript increases in the heart, there is a tendency for the whole organ to exhibit an increase in contractility at the same load. Thus, in this strain of mouse, one observes a wide range in both whole-organ function and a-actin content.
The percentage of a-skeletal actin in BALB/c mouse hearts varied by >25% (between 26% and 54%). The percentages measured in hearts from both the C57BL/6 and FVB/N strains ranged from negligible levels up to -410% a-skeletal actin (data not shown). None of the other mouse strains approached the minimum (26%) observed in the BALB/c hearts. These data are in agreement with Alonso et al,8 who observed =47% a-skeletal actin mRNA in BALB/c mouse hearts but negligible amounts in C57BL/6 hearts. The data also agree with Gunning et al,'4 who reported that a-skeletal Correlations Between a-Skeletal Actin and Function We wished to determine whether a significant relation existed in these hearts betweenc a-skeletal actin mRNA content and the functional properties. Fig 3 shows the relation between a-skeletal actin content and the measured contractile parameters of these hearts. A strong correlation between ca-skeletal actin mRNA and +dP/dt (r=.80, P<.001) exists (Fig 3A) . Fig 3B demonstrates Thus, these data demonstrate that a correlation between a-skeletal mRNA expression and the degree of increased contractility in BALB/c hearts exists. A relation between the relaxation parameters measured and a-skeletal actin content also exists, although the correlation is weaker than that of the contractile measurements (Fig 4) . Fig 4A shows millimeters of mercury and a-skeletal actin (r= -.51, P<.05). Although these values are statistically significant, we hypothesized that the decreasing correlation between relaxation and a-actin content may be a consequence of the correlation we observed between a-actin content and contractility coupled with the intrinsic relation between contractility and relaxation in the myocardium. To test this hypothesis, a least-squares multiple-regression analysis was performed. To assess the relative significance of the correlation between percent a-skeletal mRNA and contraction parameters and between a-skeletal mRNA content and relaxation parameters, we examined the dependence of percent a-skeletal actin mRNA on both +dP/dt and -dP/dt and both TPP and T1/2R (Table) . When both contractile and relaxation parameters are factored into a multipleregression equation with percent a-skeletal actin as the dependent variable, the correlation between a-skeletal actin and either +dP/dt or TPP remains significant, whereas the correlation between actin content and relaxation becomes statistically insignificant. The Table  also shows a multiple-regression analysis using -dP/dt as the dependent variable regressed on a-skeletal actin and +dP/dt. This analysis demonstrates that -dP/dt correlates highly with +dP/dt but not with a-skeletal actin content. Hence, a-skeletal actin content in the BALB/c mouse heart bears a strong correlation to the contractile, but not relaxing, function. Variability in a-Skeletal Actin Expression We were interested in exploring in more detail the variability in percent a-skeletal actin mRNA, because Alonso et a18 observed significant variation in a-actin content between strains of mice but little variation within a strain (including BALB/c). The dot-blot data were analyzed relative to age, weight, sex, and heart weight-tobody weight ratio of the animal from which each heart was derived. No correlations were found between a-actin content and any of these parameters. The one trend that was observed was a relatively greater percentage of a-skeletal actin in hearts from female mice compared with male mice (the male and female mice also originated from different suppliers). On average, female hearts showed =10% more a-skeletal actin than male hearts (42.5±2.9% versus 31.9±2.0%, respectively). Since relative a-skeletal actin mRNA varied by as much as 25%, sex of the animal could account for approximately half of the observed variability. The remainder could probably be attributed to animal-to-animal variation.
Absence of Hypertrophy or Changes in Total a-Actin or Myosin Expression in BALB/c Hearts
A trivial explanation for the increased contractility of the BALB/c hearts might be related to an increase in tissue mass or actin concentration. However, no cardiac hypertrophy, as evidenced by an increased heart weightto-body weight ratio was observed in any of the BALB/c animals. Additionally, no correlation between total a-actin mRNA content and contractility could be observed ( Fig  5A) . We observed no significant changes between total a-actin content of BALB/c mice and other mouse strains (C-66x 1011 transcripts per microgram of total RNA). Although Alonso et a18 observed a decrease of z20% in total actin mRNA levels of BALB/c mice relative to other strains, our data did not reflect this. Certainly, in no case does total actin mRNA increase in BALB/c mice, as one might expect if this were the basis for the increased contractility of the hearts.
Total actin protein levels were also examined in the BALB/c hearts relative to one another and to the C57BL/6 and FVB/N strains (Fig SB) . It is apparent from these data that the total actin-to-myosin heavy chain ratio also does not correlate with contractility in the BALB/c hearts; neither did the actin-to-myosin heavy chain ratio differ from the other strains that were examined ( Fig SB) .
We also examined the myosin heavy chain mRNA levels with the dot blots that had been used for measuring the a-actin transcripts (data not shown). In the normal adult mouse heart, the myosin heavy chain mRNA and protein content are composed of the a isoform.9 This was also true for all the BALB/c hearts examined. Thus, alterations in amount and/or type of myosin heavy chain content cannot account for the alterations in contractility that we see in these mice.
Discussion
The results presented in the present study show that a correlation exists between a-skeletal actin expression and contractile function in BALB/c mouse hearts. These data demonstrate a functional correlation with actin isoforms in the heart. Previous studies using biochemical in vitro assays have shown that certain actin isoforms activate the ATPase of specific myosin isoforms, preferentially in vitro.2'15-17 These biochemical studies, however, examined the interaction of actin and myosin isoforms in the test tube at micromolar concentrations; in the intact heart, these two proteins interact at millimolar concentrations. The functional studies presented above indicate that a strong correlation does exist, in the intact heart, between the types of actin isoforms present and the contractile behavior of the myocardium. The ability to assess physiologically relevant parameters of cardiovascular function in the mouse heart enabled us to examine functional dynamics and mRNA expression patterns in single work-performing BALB/c hearts. Individual BALB/c mouse hearts can demonstrate greatly increased contractility (Fig 1, right) . These same hearts show correspondingly high levels of a-skeletal actin. The BALB/c strain is almost unique in this respect among the many strains of mice that we have examined. An exception may be the DBA mouse heart, which also demonstrates a marked functional increase in contractility at the same load (authors' unpublished results). Interestingly, these hearts also express unusually high levels of a-skeletal actin in the cardiac compartment (Loren J. Field, personal communication). Hence, it is likely that the relation between a-skeletal actin and contractile function in these hearts is more than merely correlative.
The a-skeletal actin transcript levels varied between 26% and 54%. This fluctuation of values, when coupled with the similarly wide range of myocardial contractile values, demonstrated a correlative relation between a-actin content and function. The degree of a-skeletal actin expression may also be sex related: the females showed higher values. However, since the females used in the present study were purchased from a separate supplier, this correlation may be related to subtle variations in the in-house breeding colonies used by the various suppliers.
In other models of protein isoform switching, large variations in isoform content occur only with long-term hormone administration, pathological stress, or physiological manipulation. [18] [19] [20] [21] [22] [23] [24] In contrast, the BALB/c heart is a naturally occurring genetic model of a-actin isoform variability; these hearts are in a steady state. Then, presumably, the only perturbation is the alteration in a-actin gene expression that is due to a naturally occurring mutation in the upstream promoter of the a-cardiac actin gene that leads to the downregulation of its expression and the concomitant upregulation of expression of the a-skeletal actin gene.
Dot blots demonstrated that myosin heavy chain gene expression in the BALB/c mouse hearts was not altered. This result is consistent with previous data demonstrating that cardiac actin and myosin gene expression is not regulated in a coordinated manner.1'3 However, the coordinated regulation of the two a-actin isoforms is clearly demonstrated by both this and earlier work. [1] [2] [3] [4] [5] [6] [7] [8] Other studies show that as the percentage of a-skeletal actin increased in various BALB/c hearts, the total a-actin mRNA and protein remained relatively constant. It appears that the level of total a-actin in myocardial tissue is under strict regulation: as a-cardiac actin expression decreases, the a-skeletal expression is coordinately increased. Different groups have shown that coordinate regulation of the two isoforms occurs at both the mRNA and protein levels.8,2526 Therefore, the BALB/c mouse gives us an important genetic model in which to study the effect of genetic mutation of the actin locus on both coordinate gene regulation and isoform functionality. Models such as pressure-overload hypertrophy in small mammals (eg, rat), which result in a transiently increased expression of a-skeletal actin in the heart at early stages of overload that is later reversed,6 are less straightforward models than are the BALB/c hearts. Numerous pleiotropic effects may occur in the acute models, and it is much more difficult to associate a particular perturbation with a single mechanistic basis. Similar considerations apply to hormonally induced isoform changes.
Regression analysis showed that a-skeletal actin overexpression is probably more related to contraction than to relaxation in the BALB/c myocardium. This finding is significant with respect to the hypothesis that a-skeletal actin, relative to the a-cardiac isoform, promotes increased contractile function. One would expect alterations in contractile protein isoforms to have a more pronounced effect on cardiac contraction than relaxation. It is well known that measures of contraction rates reflect crossbridge turnover, whereas measures of relaxation rates are more tightly linked to myocardial calcium handling. It is reasonable to hypothesize that the relation of a-actin expression to relaxation depends more on the functional correlations of contraction and relaxation than on a direct linkage of a-actin content and relaxation.
It is not immediately apparent how a switch from a-cardiac actin to a-skeletal gene expression in the mouse heart might lead to functional alterations in the myocardium. The two proteins possess -90% amino acid sequence homology. However, three of the four amino acid differences found between these two proteins occur at the myosin binding site.27 In addition, it has been demonstrated in a number of studies that certain actin isoforms preferentially activate ATPase activity in specified myosin isoforms. [15] [16] [17] Certainly, there is precedence for a single amino acid change in a previously unrecognized critical position, affecting the function of a contractile protein.28 Perhaps a-skeletal actin can, in the intact myocardium, activate the cardiac a-myosin heavy chain ATPase activity to a greater degree than can a-cardiac actin.
The elucidation of direct noncorrelative relations between contractile protein isoforms and in vivo contractile function in the heart will rely heavily on transgenic overexpression and gene-targeting technologies. As overexpression and null mutant models for various actin, myosin, and thin-filament-associated protein isoforms are generated, functional questions regarding specific isoforms can be addressed. Presently, the BALB/c model gives us a relatively straightforward model for a-actin isoform expression switching. The isolated, perfused, work-performing mouse heart model establishes a functional correlate of a-skeletal actin expression in the heart. This may be significant in view of the fact that the adult human heart contains -50% a-skeletal actin. The data from the present study provide a firm foundation for future directions in transgenic overexpression and gene targeting of the a-actins in cardiac tissue by suggesting that a-skeletal actin promotes increased contractility in the adult myocardium.
